Abstract: Pectus excavatum (PEx) is one of the most common congenital chest wall deformities. Depending on the severity, presentation of PEx may range from minor cosmetic issues to disabling cardiopulmonary symptoms. The effect of PEx on adult patients has not been extensively studied. Symptoms may not occur until the patient ages, and they may worsen over the years. More recent publications have implied that PEx may have significant cardiopulmonary implications and repair is of medical benefit. Adults presenting for PEx repair can undergo a successful repair with a minimally invasive "Nuss" approach. Resolution of symptoms, improved quality of life, and satisfying results are reported.
Background
Pectus excavatum (PEx) is the most common congenital chest wall anomaly. [1] [2] [3] [4] The deformity is reported to occur more frequently in males than females; however, diagnosis in females may often be missed if obscured with breast tissue. [5] [6] [7] Depending on the severity, presentation of PEx may range from a minor cosmetic issue to disabling cardiopulmonary symptoms. [8] [9] [10] The internally displaced sternum can cause right-side heart compression and restrictive deficits. 8, 9 As the patient advances in age, the chest wall can become less flexible as a result of increased calcium accumulation in cartilage attachments of the anterior chest wall. 11, 12 Symptoms may occur or show progression as the patient ages. [11] [12] [13] Kragten et al 12 reported development of symptoms in the fourth and fifth decade in nearly half of their adult patients with significant improvement after surgical repair. The optimal surgical procedure for adult PEx patients has been controversial, and some surgeons recommend limiting the Nuss procedure to pediatrics and adolescents. 14, 15 We present a review of adult patients with PEx including outcomes after repair with Nuss ("Nuss") or a minimally invasive repair of pectus excavatum (MIRPEx).
by intraoperative transesophageal echocardiogram. 24 Neviere et al 26 found that PEx deformity was associated with reduction in the strength of the inspiratory muscle as evident by reduction in the maximal static respiratory pressure (PImax) and sniff nasal inspiratory pressure (SNIP) with significant increase of these values postoperatively which was reflected in enhanced efficacy of the respiratory pump and the cardiovascular function improvement.
Long-term follow-up of corrected PEx patients and correlations between physiologic impact and symptoms are lacking. 8, [27] [28] [29] [30] Table 1 reviews some of the major publications reporting cardiopulmonary impairments and postsurgical results. Only six of these represented a mean age of 18 years and older. 9, 19, 25, 26, 31, 32 Cardiopulmonary exercise testing has been used to assess exercise capacity and limitations in peak oxygen uptake and O 2 pulse which can result as a consequence of the pectus deformity. 18, 19, 33, 34 Publications as to the benefits of surgical correction have varied. 8, 19, 31, 35 Several studies have reported that the cardiopulmonary function has improved significantly with increase in the oxygen consumption (VO 2 ) and O 2 pulse after surgical repair of PEx. 8, 19 Maagaard et al 35 previously reported normalization of the decreased cardiopulmonary function in teenagers with PEx at 3 years following surgical repair; however, in a more recent evaluation of adult patients by Udholm et al 31 (≥21 years), a significant improvement in the maximum oxygen consumption (VO 2 max) was not seen 1 year after PEx repair. These results did show a trend of increased improvement in the VO 2 max which could be more evident with a longer period of follow-up. Adult patients may also differ in their ability to return to normal after PEx repair. During assessment, the patient's baseline exercise history must be considered. 
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Outcomes in adult pectus excavatum after Nuss Table 1 Review of major publications reporting cardiopulmonary outcomes and postsurgical results
Study

No of patients
Age (years), mean ±
SD (range)
Haller index mean ±
SD
Surgical method Variables studied
Cardiopulmonary outcomes
Udholm et al 31 
(15
completed follow-up)
32
NR
MiRPex
Heart rate at rest, maximum heart rate, maximum vO • There was a significant decrease in heart rate (P < 0.0001) and significant increase in RVEF (P = 0.0004), RVSV (P = 0.0167), LVEF (P = 0.0165), and in LVSV (P = 0.0036) after 1 year of repair.
• There was no significant increase in RVEDV (P = 0.7590), RVESV (P = 0.0718), LVEDV (P = 0.0648), and in LVESV (P = 0.8135).
Chao et al 9 168
33 5.7 ± 3.1
Modified
Nuss Right atrium, tricuspid annulus end systolic, right ventricular outflow tract end diastolic and end systolic dimensions, cardiac output, heart rate, systolic blood pressure, and stroke volume
• There was a significant improvement in right atrium (15.1%), tricuspid annulus end systolic (10.9%), right ventricular outflow tract end diastolic (6.1%) and end systolic dimension (6.1%) size after surgery (all P < 0.0001).
• In a subset of 42 patients, there was a significant improvement in right ventricular cardiac output by 38% (P < 0.0001).
• No change in heart rate, systolic blood pressure, or stroke volume.
O'Keefe et al 37 
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13. • SNiP was the strongest independent predictor factor of oxygen ) compared with controls (8.1
) during exercise (P = 0.0001).
• One year and 3 years postoperatively, patients' maximum cardiac index had increased significantly and after 3 years there was no difference between patients and controls (8.1
, respectively, P = 0.572).
( • There was no difference in the heart rate at any point of the study between patients and controls.
• The significantly lower maximum oxygen uptake in patients compared to control group that was found at 1 year (P = 0.001) disappeared at 3 years of follow-up (P = 0.430).
• Maximum cardiac index had increased significantly at 1 (P = 0.001) and 3 years (P = 0.0001) postoperatively, and it was normalized with no significant difference found between patients and controls at 3-year follow-up (P = 0.572).
• Stroke index had significantly increased at the 3-year follow-up only in the patients (P = 0.0002) with no increase in the controls (P = 0.299). • Left ventricular diastolic diameter was significantly increased (P < 0.05) at 12 months of follow-up in the PEx patients.
• Right ventricular diastolic diameter and vO 2 max were significantly increased in the control group at 12 months of follow-up.
• Maximum cardiac index was significantly improved at 1 year postoperatively (P = 0.0054) but was still significantly lower than the control group (P = 0.0008).
• No difference was found in the heart rate, ejection fraction, fractional shortening, and left ventricular systolic diameter between the two groups.
• Patients had significantly lower stroke index than controls before operation (P < 0.01) but the difference had disappeared at 1 year following repair. • No change in heart rate or cardiac index. • There was a significant decrease in VO 2 max and anaerobic threshold at 3 months post-repair (P < 0.05) and they had returned to the preoperative values by 21 months post-repair, while maximal heart rate and the minute volume of ventilation showed no significant changes.
• The cardiac index and cardiac output increased at 3 months postrepair (P < 0.05) and cardiac index remained stable.
• No significant increase in the stroke volume was found throughout the study period. 
Quality of life and patient satisfaction
Both the exercise limitations and the cosmetic disfigurement with PEx may cause a decrease in quality of life and alteration of social behavior. 37, [40] [41] [42] [43] [44] There has been a greater recognition of the physiologic and psychologic impact of these patients. 45 Lack of self-confidence, poor body image, avoidance of social activities, and emotional difficulties are noted in PEx patients. Feelings of anxiety, depression, sadness, and frustration are also reported. 40 The importance of corrective surgery for improvement in psychological distress, quality of life, and exercise tolerance has been documented in the literature. 37, [41] [42] [43] [44] The majority of these studies report a mixed population of children and adolescents with few adults; therefore, it is difficult to make broad-based assumptions as to their application to the adult population. [46] [47] [48] [49] [50] Kelly et al 10 reported on 264 child patients and 291 parents from multiple centers using a validated Pectus Excavatum Evaluation Questionnaire. Children noted a dramatic improvement in the body image and physical difficulties after surgery. Parents also noticed an improvement in the child's emotional, physical difficulties and social selfconsciousness. 10 Patient's satisfaction with the chest appearance was found to be very good, with excellent to good results reported in over 95% of patients at the time of bar removal. 51 In a 2016 study performed by Lomholt et al, 49 107 patients and 106 parents completed the generic health-related quality-of-life measure. The Child Health Questionnaire was assessed preoperatively and at 3, 6 months following PEx repair. A control group of 183 school children completed the same measure on one occasion. In the postoperative study, patients and parents reported improved emotional well-being and self-esteem. Additionally, patients at both 3 and 6 months postoperatively reported increased physical and social activities.
There are very few major publications that documented symptoms and quality-of-life improvement after Nuss repair in adult patients. Kragten et al 12 reported on symptomatic seniors with PEx. He found that in 45% of the patients with "serious and sometimes invalidating complaints", symptoms did not start until the fourth or fifth decade of life and were often labeled as "unexplained cardiovascular complaints". All patients that underwent surgery were repaired by the open Ravitch procedure and reported substantial or complete resolution of the symptoms postoperatively. Tikka et al 52 used the Brompton's single-step questionnaire (SSQ) to assess the postoperative patient satisfaction and confirmed that Nuss operation had positively impacted the psychological and physical status of their patients along with overall qualityof-life improvement. They reported that their pectus patient information website improved, additionally, their patient's satisfaction and recovery after surgery.
Krasopoulos et al 43 proposed the two-step Nuss Questionnaire modified for Adults (NQ-mA) and a SSQ. These questionnaires measured the disease-specific quality-of-life changes after surgery and assessed the effect of surgery on the physical and psychological well-being of postoperative patients. They noted that patients' self-esteem, social functioning, and level of satisfaction were significantly improved following Nuss procedure. Their questionnaire also included the impact of surgical wounds/scars on the overall cosmetic result, consciousness of the presence of metallic bar, the decision to have the operation again, and questions about postoperative pain which may have limited the patient satisfaction after surgery. It was evident from the study that most of the patients were very satisfied with their scars and almost all of them were conscious of the presence of bar, but none of them considered that to be a major inconvenience. Pain was also noted as a concern in the immediate postoperative period; however, it decreased significantly after several weeks. By 4-5 months after surgery, no patient was still requiring analgesics.
Other surgeons have subsequently utilized this modified survey for assessing the patients postoperatively.
48,50,53 Hoksch et al 50 performed a prospective study to evaluate the long-term results of Nuss in adults using NQ-mA and SSQ in a shorter and modified format. Initially, a large adult cohort (n = 129) was included, but only19 patients were observed for >10 years after surgery. This has been the only study reporting outcomes for an adult population for more than 10 years after surgery. The results obtained initially after surgery were in the follow-up period of 3, 12 and 36 months showed high levels of satisfaction respectively reported at 97.6%, 97.2%, and 95.7%. Better or much better quality of life was reported at 3, 12, and 36 months in 88%, 89%, and increased to 92.5%, respectively, in the follow-up period. Even after observation for >10 years, continued improvement in quality of life was confirmed in 57.9% of patients. Surgical recommendation for Nuss was given by nearly 95% of patients. 
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Outcomes in adult pectus excavatum after Nuss Brompton's SSQ
• The authors have introduced the website www.pectus.co.uk which provides information about pectus deformities, management options, and advice about surgery to the general population.
• They have found out that 84% of patients who underwent surgery after visiting the website found it useful.
• Patients were overall highly satisfied with the surgical outcomes.
• All of their patients who visited the website said that they would have the operation again in comparison to 76.9% of those who did not (P = 0.031). • Both patients' and controls' level of health-related quality of life before surgery were comparable except for physical functioning.
• Boys reported impaired function compared to controls (P < 0.0001).
• There were significant (P < 0.001-0.03) improvements in emotional well-being and self-esteem, in addition to an increase in physical and social activities from pre-to postsurgery as reported by the patients and parents.
Hoksch et al, • Better or much better quality of life after Nuss was observed (n = 88.4% at 3 months, n = 89% at 12 months, and n = 92.5% at 36 months).
• Pain intensity decreased in the follow-up (pain score visual analog scale [VAS] at 3 months: median 1 (0-7), 12 months: 1 (0-4), 36 months: 0.8 (0-5)).
• After long-term observation, over 90% described their quality of life after operation as being better or much better.
• Satisfaction with the cosmetic result was also very high, with >90% being satisfied.
• Satisfaction with the cosmetic result was still very high (84.2%), and continued improvement in QOL 10 years after surgery was confirmed by 57.9% (n = 19).
• Recommendation to opt for Nuss was given by 94.7% (n = 18). • Results after bar removal were overall satisfactory in 94.4%.
Sacco
• About 82% of patients were either satisfied or very satisfied.
• Overall, 79.5% stated that they would have the operation again.
• About 1% noted troublesome awareness of the bar for 2 years.
• Two patients (2.2%) required reoperation for recurrence.
• About 89.7% of responders reported satisfaction with the chest appearance.
• Most patients stated that general health and exercise tolerance were improved after operation and 84.6% of responders noted an improvement in social interaction.
( • The parents' preoperative score of 33 (IQR: 29-36) increased to 38 (IQR: 34-41; P = 0.000).
• improvements in the physical and psychosocial component scores of Nuss questionnaire were also significant in the patient (P = 0.000, P = 0.000, respectively) and parent forms (P = 0.005, P = 0.000, respectively).
Hanna et al, • The authors indicated that the mean self-esteem score was improved from 4.6 of 10 preoperatively to 6.5 postoperatively (P = 0.002).
• The social impact of the pectus deformity became less significant (mean preoperative score 3.6, mean postoperative score 2.8, P = 0.02).
• The severity of initial postoperative pain was much improved on follow-up.
• Satisfaction with the cosmetic result was achieved in 80%.
• The decision to have the surgery again was reported by 96%.
• Over 50% of patients stated that they felt better or much better after the operation. • The authors have concluded that the symptoms were reduced markedly or had disappeared completely after surgery (11 patients underwent surgery).
• All of their patients indicated that their health-related quality of life was significantly improved postoperatively, with an average of 2.7 points on a scale of 1-10.
• • Significant positive postoperative changes were reported by the patients and their parents.
• improvements occurred in both physical and psychosocial functioning, including less social self-consciousness and a more favorable body image.
• For the parent questionnaire, the child's emotional difficulties improved from 1.81 ± 0.70 to 1.24 ± 0.36, social self-consciousness improved from 2.86 ± 1.03 to 1.33 ± 0.68, and physical difficulties improved from 2.14 ± 0.75 to 1.32 ± 0.39 (mean ± SD).
• For children, there was an improvement in the body image component from 2.30 ± 0.62 to 1.40 ± 0.42 after surgical repair and also improvement in the physical difficulties component from 2.11 ± 0.82 to 1.37 ± 0.44 (mean ± SD).
• About 97% of patients thought that surgery improved how their chest looked.
• About 90% were either happy or mostly happy after surgery.
• There was a significant psychosocial improvement independent of Nuss or Ravitch procedures. Mean total score of the patients was 67 and mean score of their parents was 65 , with a highly significant correlation between self-and parental assessment (P < 0.001; Spearman's correlation coefficient = 0.77).
• Analysis of specific and total scores revealed a significant improvement of physical and psychosocial well-being after surgical repair, which persisted up to 4 years after bar removal (P < 0.001).
• There was no significant impact of age and sex on the mean specific and total scores either in patients or in parents.
• About 97.5% of patients and 97.4% of parents were satisfied with the overall outcome after removal of pectus bar at the time of assessment by questionnaires.
• No interference with overall satisfaction or willingness to have operation again occurred due to postoperative pain.
• A highly significant correlation was reported between individual answers of each patient at follow-up 6 months after MIRPEx and after pectus bar removal (P < 0.001).
Krasopoulos et al, • NQ-mA domains for social function and self-esteem demonstrated a highly significant improvement following surgery (P = 0.001-0.008).
• NQ-mA domains for physical condition showed a statistically significant improvement only for the degree of dyspnea (P = 0.005).
• Total scores obtained with SSQ showed significant correlation with the total scores obtained from the postoperative NQ-mA, with a Spearman's correlation coefficient of 0.682 (P = 0.001).
• Overall, SSQ revealed a high level of satisfaction following Nuss, with the exception of two patients in the low satisfaction zone (mean =65, range: 49-75) There was a statistically significant improvement with surgery in self-esteem (P = 0.001).
• About 85% considered that they had made the right decision to undergo operation.
• SSQ highlighted that pain was a major concern during hospital stay, even with maximum analgesia. Pain was well controlled after some weeks, and by 4-5 months following surgery no patient was on analgesics.
Abbreviations: MIRPEx, minimally invasive repair of pectus excavatum; NQ-mA, Nuss questionnaire modified for Adults; SSQ, single-step questionnaire; QOL, quality of life; PEx, pectus excavatum; IQR, interquartile range. 
Note: *Both sternotomies were done in re-do cases: one was due to inferior vena cava bleeding and one was due to right ventricle tear caused by an adhesion, from the primary Nuss correction. Abbreviations: NR, not reported; SD, standard deviation; LOS, length of stay; y, year; MiRPex, minimally invasive repair of pectus excavatum; STB, stabilizer; MPF, multipoint pericostal fixation; CFT, claw fixator; HP, hinge plate; MIPR, minimally invasive pectus repair; MMIPR, modified minimally invasive pectus repair; MEMIPR, modified extended minimally invasive pectus repair; PEx, pectus excavatum; PC, pectus carinatum; QOL, quality of life; IQR, interquartile range; PSI, Pectus Security Implant. occurring during specific bodily movements was reported in 31.6%, and 63.2% of patients had no pain.
Sacco Casamassima et al 53 in 2016 reported long-term results of adults using modified SSQ. Satisfaction with the chest wall appearance was reported in 89% out of 43.8% of responders. Improvement in social interaction was reported by 84% of responders. About 94% of patients obtained overall satisfaction with the results post-bar removal. They also highlighted that the dissatisfaction observed by some patients was due to severe postoperative chest pain (that necessitates more aggressive analgesic regimen) and surgical scars. Willingness to have the operation again was reported by 79% of responders. Generalized conclusions cannot be drawn from this study as it is limited by small sample size. There is a compelling need for a large number of similar studies commenting on the long-term results in adults to identify the benefits of surgery in this group.
Hanna et al 41 studied the midterm results in young adults who underwent Nuss repair and used the single-step quality-of-life survey for evaluation. With a 73% response rate, they noticed an improvement in both self-esteem and social life. Satisfaction with the cosmetic result was achieved in 80% and recommendation for the surgery was given by 96% of their patients. About 92% reported subjective improvement in the chest wall appearance. As stated by other authors, in-hospital pain despite aggressive analgesic usage was a major concern in the immediate postoperative Predictors of surgical revision after repair were bar displacement (P < 0.001) and early bar removal (P < 0.001).
Patients did not differ with respect to postoperative complications, including recurrence rates, bar displacement, upper sternal depression, or revision surgery.
(5-13)
Number of young adult vs older adult Bar displacement: 2 vs 0 (both required surgical revision) period; however, in the follow-up it was significantly decreased, with almost all patients reporting minimal or no pain. Most of the data available suggest that patients who had undergone Nuss showed an overall satisfaction with the cosmetic result, had a significant improvement in self-image, and felt that the surgery had a positive impact on their ability to exercise and well-being.
Surgical approaches and outcomes
The Nuss procedure or "MIRPEx" has become the standard of care for PEx repair in children and adolescents. 64 There is an ongoing discussion in the literature regarding the success of this surgery in adults with PEx. Initial reports of Nuss procedure in adults were criticized due to higher complication rates vs the open Ravitch technique with most being related to bar migration, postoperative pain, and recurrences. [65] [66] [67] The recommendations of some surgeons were to limit the procedure to pediatrics and adolescents; however, their publications have been replaced with numerous series of successful repairs using a modified MIRPEx approach. 24, 68, 69 Table 3 reviews publications reporting on 70 or more adults repaired using an MIRPEx procedure since 2008. The majority of authors considered patients aged 18 years and older as adults. 28, 51, 57, 63, 70, 71 Several papers have stratified their results to differentiate younger vs older patients. 24, 30 There is evidence that older patients are more difficult to treat and the risk of complications may be greater.
14 Despite this, excellent results are achieved with an MIRPEx approach even in older adult pat ients 15, 24, [28] [29] [30] 43, 63, 68, 69, [71] [72] [73] ( Figure 3A-D Since the introduction of the original Nuss technique for children in 1998, 64 several changes have been made in the surgical technique and methods of bar stabilization which have improved the success of the procedure in adult patients. 24, 28, 72, [74] [75] [76] [77] [78] Important modifications include the use of forced sternal elevation, 78 multiple support bars, 24, 77 and improved fixation methods to secure the bars and prevent rotation. 24, 28, 72, [74] [75] [76] [77] [78] These technical refinements enabled successful MIRPEx repair of older patients and are reviewed in Table 4 .
The use of forced sternal elevation may help reduce the force required to insert and rotate bars (Figure 4 ). This may lessen, but not eliminate, lateral stripping of the intercostal muscles of the more rigid chest wall. 69, 78, 79, 81, 82, 84 Several techniques have been proposed for the forceful elevation of sternum. Park et al 79 reported his Crane technique and discussed the benefits of its use in adult patients with heavier chests and severely asymmetric deformities including prevention of intercostal muscle tear and bar displacement. Similar variations of this technique have been reported by others with similar beneficial results. 69, 78, 81, 82, 84 A more simplified aspect of handheld retractors can also be utilized, depending on the severity and rigidity of the defect.
80,83
Multiple bars may balance the increased pressure of the chest wall and in older patients, the use of two or more bars is frequently reported. 24, 70, 77, 90 The risk of bar rotation and malposition may also be decreased by distributing the pressure of a more rigid chest wall. 70, 77, 90 Pilegaard 68 reported that 70% of his patients over 30 years of age required two or more bars. In our own practice, two or more bars were utilized in 99% of patients over age 18 years, 24 with 40% of patients over 30 years receiving three bars to achieve complete repair. Others have reported decreased risk of bar migration and the need of reoperation when multiple bars were utilized. 70, 77, 90 In a study of PEx repair in 44 late adolescent and adult patients, 11.5% of those with single-bar repairs required reoperation for incomplete correction or bar rotation compared with 0% who had a double-bar repair. Double bar also decreases the postoperative pain as described by Nagaso et al. 89 The risk of bar rotation may be lowered by the use of shorter bars as reported by several surgeons. 93, 94 In a publication reporting 
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Outcomes in adult pectus excavatum after Nuss • Yoon et al, 69 2010
• Tedde et al, 80 2012
• Takagi et al 81 , 2012
• Haecker et al, 82 2012
• Johnson et al, 83 2013
• Jaroszewski et al, 78 2014
• Kim et al, 84 2014
• Relieves pressure on the hinge points, thus preventing intercostal muscle stripping (type 3 bar displacement).
• Authors confirmed 0% intraoperative death and 0% 30-day mortality.
• They observed that this manouver reduces the risk of pericardial sac and cardiac injury.
• No additional skin incision needed for insertion of the elevator, and it widens the retrosternal space for safer passage of thoracoscopically guided introducer.
• No cardiac, pericardial, or internal mammary vessel injuries were noted.
Facilitates retrosternal dissection and bar insertion.
• Utilized even in patients with severe pectus excavatum ( • Yoon et al, 69 2010
• Kelly et al, 51 2010
• Park et al, 85 2011
• Del Frari and Schwabegger, 86 , 2014
• McMahon et al, 74 2014
• Park et al, 59 2015
• Park et al, 61 2015
• Pilegaard, 75 2015
• All pericostal sutures can be done through the single tiny incision on each side, even in the parallel bar technique. Bar displacement: 3.4%.
• Bar displacement: 6%; stabilizer bar fracture: 3%.
• Mechanism-based fixation effective in preventing bar displacement (4.6% vs 1.8% before and after MPF, respectively). Major complications decreased from 6.8% to 2% and reoperation rates decreased to 1.6% from 5.5% after MPF.
• Narrows the intercostal space, thereby preventing hinge point disruption, bar migration, and rotation. More effective in adults.
• Bar displacement requiring surgical repositioning decreased from 12% to 1%. Good to excellent anatomic result was obtained in 95.8%.
• Bar displacement rate in patients without the hinge plate: 4% vs 0% in the hinge plate group. Hinge plate is effective in preventing an intercostal strip at hinge points and has a vital role in extending MiRPex to adults.
• Prevents bar displacement. excellent position of the bar with circumcostal sutures in 96%, incomplete in 1.9%, and poor in 1.9%. With lateral stabilizers, 87.5% showed excellent position, and 12.5% showed poor position.
• effective in preventing bar displacement and rotation. Metal stabilizers are not required.
• CFT used for sutureless bar fixation by hooking the rib with blades, whereas HP prevents intercostal muscle stripping at hinge points. Bar dislocation rate with CFT + HP: 0%; reoperation rate: 3.38%; total complication: 14.1%. Authors recommend replacing conventional stabilizer with CFT and HP.
• Designed to connect two parallel bars using plates and screws to avoid bar displacement, with no use of sutures or invasive devices. During the follow-up, there was no virtual change in bar position, bar dislocation, or reoperation.
• No death, cardiac perforation, or deep infection occurred, and only 5% of patients experienced a complication. • Nuss et al, 87 2016
• Prevents lateral-posterior migration when stripping occurs. Bar rotation: 6.6%.
• Rate of displacement with stabilizers: 5%, and with pericostal sutures: 1%.
Length of the bar:
• One inch (2.5 cm) shorter than the measurement from right to left midaxillary line • Eleven inch (7) (8) (9) (10) (11) (12) (13) (14) (15) • Pilegaard, 55 2016
• Bar displacement requiring reoperation has been reduced from 13% to 1%.
• Reported lower rate of bar malrotations, and surgery can be done in less than an hour for over 90% of cases. • Nagaso et al, 89 2010
• Stanfill et al, 90 2012
• Jaroszewski et al, 24 2016
• Bar displacement: 5%; requiring revision: 50%.
• Use of multiple bars was significantly more common (P < 0.01) in adults compared to younger patients, where 86% received one bar and14% needed two bars.
• Patients in one-bar group required self-injection of intravenous narcotics more frequently than patients in double-bar group (double-bar decreased postoperative pain). Stresses on the thoraces were smaller with double bars than with a single bar. • Del Frari and Schwabegger 86 , 2014 • Nagasao et al, 92 2016
• Further procedures were essential to achieve and maintain an adequate correction and to decrease sternal rigidity and its pressure on the bar.
• Used in adults with athletic disposition, deformities with deep funnel, and severe asymmetry. Only minor complications (4.4%) were observed.
• Postoperative pain as measured by the frequency of administration of anesthetics for 2 days was reduced: 4.9 vs 2.5.
• Open-cartilage resection, sternal osteotomy, or both was more commonly performed in patients older than 30 years (mean, 47.8 years vs 39.5 years; P = 0.0003) and with defect severity (11.3% vs 3.5% in younger patients).
Abbreviations: MIRPEx, minimally invasive repair of pectus excavatum; MPF, multipoint pericostal bar fixation; MOVARPE, minor open videoendoscopic assisted repair of pectus excavatum. Nuss revision after procedure failure, too long bars were noted to be a factor related to failure. 95 The biggest challenge in adult patients continues to be bar fixation. A higher rate of bar displacement is reported in older patients. 14, 24 There are multiple successful ways reported for securing of bars. Medial fixation with a hinge reinforcement plate, 85 medially placed stabilizers, 75 multipoint fixation, 24, 69, 77 and the Bridge technique, which was more recently published, 61 have all been successful methods for bar fixation in adult patients. 72, 79, 87, 96 Chondroplasty or open osteotomy may still be necessary to achieve adequate repair in some adult patients. Patients with complex combined deformities, extensively calcified chest walls, and significant asymmetry may require an open repair for optimal correction. The requirement for osteotomy or cartilage resection is more commonly reported in older patients. 24, 91, 97, 98 In our experience, over 88% of the patients ≥30 years were successfully repaired with MIRPEx; however, some required an osteotomy or open resection for fracture. Postoperative pain may also be reduced by scoring 
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Outcomes in adult pectus excavatum after Nuss of deformed cartilages as illustrated by Nagasao et al. 92 The use of a hybrid procedure may also be considered and is our procedure of choice for these more difficult deformities. 24 Both surgical principles are utilized by incorporating osteotomy cuts and external fixation as well as pectus support bars. Achieving adequate postoperative pain control remains a concern for adults undergoing Nuss. 99 Various analgesic regimens have been discussed by several authors. 100 Perioperative pain can be well managed by current techniques. 101 These include the use of thoracic epidurals, intravenous ondemand patient-administrated narcotics, local paravertebral blocks, and subcutaneous continuous flow catheters. [102] [103] [104] [105] [106] We have had excellent results using a protocol including gabapentin, ibuprofen, acetaminophen, and narcotics along with subcutaneous continuous flow catheters for postoperative pain control. 24, 102, 107 Adjuvant medications for postoperative pain management have included the use of ketorolac, diazepam, and gabapentin. [103] [104] [105] [106] Intraoperative use of methadone can also be advantageous.
24,102
Discussion
The extension of the Nuss procedure to repair adults with PEx has been controversial in the past. 14, [65] [66] [67] There are now multiple publications that report successful repair of adults even beyond 50 years of age. 9, 12, 24, 55 The difficulty of repair and risk of complications do, however, increase with age. 14, 24, 53 Adequate surgical experience with the Nuss procedure in younger patients that are easier to repair is critical prior to attempting the more difficult adult deformity.
Bar rotation and migration can be a significant issue and techniques to minimize intercostal stripping, such as reinforcement of intercostal spaces 24, 59, 87 and medially placed stabilizers, may be of benefit in reducing the risks. 75 The use of forced sternal elevation can also decrease the forces required for bar insertion and positioning. 69, [78] [79] [80] [81] [82] [83] [84] The adult chest wall has additional complexities due to the decrease in flexibility and increase in weight. Multiple bars have been noted to decrease the weight supported by an individual bar and decrease the risk of rotation. 24, 70, [88] [89] [90] Adequate stabilization of bars is also critical due to these factors, and medial and/or multipoint fixation has been shown to reduce bar displacement. 24, 28, 51, 59, 61, 69, 75, 86, 87 We did not intend this publication to be an intensive review of surgical techniques in adult patients, and the majority of information presented was based on a larger case series which reported on primary Nuss repair in the adult population. Extension of the Nuss procedure to more complex repairs, such as patients with prior sternotomy or cardiac surgery, is beyond the scope of this paper and can be associated with catastrophic complications.
55,108
Conclusion
MIRPEx can be extended to repair the majority of older adult patients. Although adults undergoing Nuss procedure may have a higher rate of complications, continuous technical refinements have significantly reduced the complication rates and contributed to the success of the procedure. As there is increased difficulty in performing this procedure in adult patients, the experience and expertise of surgeons at specialized centers is critical for successful outcomes. There is enough evidence to validate repair of adults with PEx. Published data support the benefits of repair with good outcomes and improvement of symptoms.
